Abstract We previously showed that electroacupuncture (EA) activates medulla-spinal serotonin-containing neurons. The present study investigated the effects of intrathecal 5,7-dihydroxytryptamine creatinine sulfate, a selective neurotoxin for serotonergic terminals, the 5-hydroxytryptamine 1A receptor (5-HT1AR) antagonist NAN-190 hydrobromide and the 5-HT2C receptor (5-HT2CR) antagonist SB-242,084 on EA anti-hyperalgesia. EA was given twice at acupoint GB30 after complete Freund's adjuvant (CFA) injection into hind paw. CFA-induced hyperalgesia was measured by assessing hind paw withdrawal latency (PWL) to a noxious thermal stimulus 30 min post-EA. Serotonin depletion and the 5-HT1AR antagonist blocked EA antihyperalgesia; the 5-HT2CR antagonist did not. Immunohistochemical staining showed that spinal 5-HT1AR was expressed and that 5-HT2CR was absent in naive and CFA-injected animals 2.5 h post-CFA. These results show a correlation between EA anti-hyperalgesia and receptor expression. Collectively, the data show that EA activates supraspinal serotonin neurons to release 5-HT, which acts on spinal 5-HT1AR to inhibit hyperalgesia.
Introduction
Acupuncture has been used in China and other Asian countries for thousands of years and Western countries for over 30 years to treat a variety of diseases and symptoms [1] , but its underlying mechanisms are still not fully understood [2] [3] [4] . Recent chronic pain electroacupuncture (EA) studies, including our own [5] , have shown that EA produces anti-hyperalgesia in ankle sprain and inflammatory pain animal models [6] [7] [8] . We also recently demonstrated that, compared to sham control, EA significantly increases withdrawal latency of the inflamed hind paw in sham-treated rats but not in those with dorsolateral funiculus lesions, indicating that lesioning blocks EA-produced anti-hyperalgesia. Additionally, EA has been found to activate serotonin-containing nucleus raphe magnus neurons that project to the spinal cord [9] .
These results suggested that EA inhibits hyperalgesia by activating supraspinal serotonin-containing neurons that project to the spinal cord. Previous studies show that serotonin is an important mediator of acupuncture analgesia in naive animals [10, 11] . For example, an intracerebroventricular 5-hydroxytryptamine (5-HT, i.e. serotonin) receptor antagonist blocked EA-produced analgesia in naïve mice [12] , a systemic serotonin receptor antagonist prevented EA inhibition of pain in collagen-induced arthritis pain model [13] , and intravenous methysergide, a non-selective serotonin antagonist, blocked EA inhibition of tooth pulp stimulation-evoked potential in the superficial layers of the trigeminal nucleus caudalis (Vc-I-II) in rabbits [14] . An additional study showed that spinal serotonin receptors played an important role in EA alleviation of cold allodynia in a neuropathic pain rat model [15] .
These studies led us to hypothesize that serotonin is involved in EA inhibition of thermal hyperalgesia in an inflammatory pain rat model and that different serotonin receptor subtypes might have distinct roles in EA action. Since serotonin acts on multiple receptor subtypes, we depleted spinal serotonin in the inflammatory pain rat model, preventing activation of all its subtypes in order to determine its involvement in EA anti-hyperalgesia. The principle 5-HT receptor in the spinal cord, 5-HT1 receptor, accounts for about 50-60% of the total [3H] 5-HT binding sites in the spinal cord of the rat. The 5-HT1A receptor, which is involved in inflammatory pain inhibition in the spinal cord [16] , represents approximately 30-50% of all 5-HT1 receptor binding sites [17, 18] . It has been also reported that 5-HT2C receptor mRNA is expressed in the spinal cord [19] . Thus we used specific 5-HT1A and 2C receptor antagonists to investigate the involvement of these two subtypes in EA anti-hyperalgesia.
Experimental Procedures

Animal Preparation
Male Sprague-Dawley rats weighing 280-320 g (Harlan, Indianapolis, IN) were kept under controlled laboratory conditions (22°C, relative humidity 40-60%, 12-h alternate light-dark cycles, food and water ad libitum) and were acclimatized to the environment for 5 days prior to an experimentation. The animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Maryland School of Medicine, Maryland, USA. 
Intrathecal Cannulation
Rats were prepared for i.t. injection under pentobarbital sodium anesthesia (50 mg/kg, i.p.). The atlanto-occipital membrane at the level between the head and neck (i.e., approximately the obex level) was exposed, and a slit was cut through which a 7 cm length of PE-10 tubing was inserted into the subarachnoid space. The catheter was advanced to the level of the lumbar spinal cord, filled with approximately 7-10 ll of saline, and then plugged at its outer end. The animals were allowed to recover for 7 days after the operation before experimentation; those with gross signs of motor impairment were excluded from the study. At the end of the experiments, the location of the distal end of the catheter was verified when the spinal cord was removed.
In the 5,7-DHT study, the chemical was injected i.t., and the tubing was removed immediately after the injection.
Hyperalgesia Testing
Inflammatory hyperalgesia was induced by injecting CFA (Sigma, St Louis, MO) suspended in an 1:1 oil/saline emulsion, 0.08 ml, 40 lg Mycobacterium tuberculosis, subcutaneously into the plantar surface of one hind paw of the rat using a 25-gauge hypodermic needle [5] . Hyperalgesia was determined by a decrease in PWL to a noxious thermal stimulus. PWL was tested with Hargreaves's method [5, 22] . Each rat was placed under an inverted clear plastic chamber on the glass surface of the Paw Thermal Stimulator System (UCSD, San Diego) and allowed to acclimatize for 30 min before the test. A radiant heat stimulus was applied to the plantar surface of each hind paw from underneath the glass floor with a projector lamp bulb (CXL/CXR, 8 V, 50 W). PWL to the nearest 0.1 s was automatically recorded when the rat withdrew its paw from the stimulus. Stimulus intensity was adjusted to derive a baseline PWL of approximately 10.0 s in naïve animals. Paws were alternated randomly to preclude order effects; a 20-sec cut-off was used to prevent tissue damage. Four tests were conducted for each hind paw, with a 5-min interval between each test. Mean PWL was established by averaging the tests.
Acupuncture Treatment Procedures
To maximize the anti-inflammatory effect and to treat animals prophylactically, EA treatment was given twice for 20 min each, once right after the administration of CFA and again 2 h post-CFA. EA parameters of 10 Hz, 3 mA, 0.1 ms pulse width, which showed significant anti-inflammatory and anti-hyperalgesic effects in the rat inflammation model in our previous studies [5] , were used in the present study.
The equivalent of the human acupoint Huantiao (GB30) was chosen for EA based on traditional Chinese medicine meridian theory [1] , on its successful use in our previous studies, and on studies by others [5, 23, 24] . In our previous point-specificity study [5] , EA produced better antihyperalgesia at GB30 than at acupoint Waiguan (the fifth acupoint on the Triple Energizer Meridian, TE5) on the forepaw or at two non-specific points, an abdominal point and a point on the quadriceps opposite to GB30. In humans, GB30 is located at the junction of the lateral 1/3 and medial 2/3 of the distance between the greater trochanter and the hiatus of the sacrum; underneath are the sciatic nerve, inferior gluteal nerve, and gluteal muscles [1] . GB30 was located on the rat's hind limbs using the comparable anatomical landmarks.
GB30 was needled bilaterally. After cleaning the skin with alcohol swabs, a disposable acupuncture needle, 0.25 mm thickness 9 0.5 inch length, was inserted obliquely approximately 0.5 inch deep at GB30 on each of the animal's hind limbs, and a pair of electrodes was attached to the handles of the needles. The needles and electrodes were stabilized with adhesive tape and electrically stimulated with an A300 Pulsemaster (World Precision Instruments) via an A360D Stimulus Isolator (World Precision Instruments) that delivers steady, direct current. This bilateral, cross-limb connection has been used previously by our team and others with no adverse effects [5, 25] . Similar connections are frequently used in clinic, and no adverse effects have been reported [26, 27] .
While EA frequency was held constant, intensity was adjusted slowly over the period of approximately 2 min to the designated level of 3 mA, which is the maximum EA current intensity that a conscious animal can tolerate. Mild muscle twitching was observed. During EA treatment, each rat was placed under an inverted clear plastic chamber (approximately 5 9 8 9 11 inches) but was neither restrained nor given anesthetic. The animals remained awake during treatment and showed no signs of distress. For sham treatment control, acupuncture needles were inserted bilaterally into GB30 but without electrical stimulation or manual manipulation. This procedure produced no anti-hyperalgesia in this animal model in our previous study [5] . Since it is comparable to the treatment procedure but lacks therapeutic effect, we used it as sham control in this study.
Immunohistochemistry
Rats were deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and perfused transcardially with 4% paraformaldehyde (Sigma) in 0.1 M phosphate buffer (PB) at pH 7.4. The lumbar [4] [5] spinal cord was removed, immersed in the same fixative for 2 h at 4°C, and transferred to 30% sucrose (w/v) in PB saline (PBS) for overnight cryoprotection. Thirty micron-thick sections were cut on a cryostat, rinsed in PBS, blocked in PBS with 10% normal donkey serum for 60 min, and incubated overnight at room temperature with rabbit polyclonal antibody against the 5-HT2C receptor (1:50, ImmunoStar) or guinea pig polyclonal 5-HT1A receptor (1:50, Millipore). After three 10-min washings in PBS, sections were incubated in CY3-congugated donkey anti-rabbit (1:100, Jackson ImmunoResearch Laboratories) for 5-HT2C, or donkey anti-guinea pig for 5-HT1A receptors. The stained sections were mounted on gelatin-coated slides, coverslipped with aqueous mounting medium (Biomeda Corp., CA), and examined under a Nikon fluorescence microscope for distribution of 5-HT2C or 1A receptor-immunoreactive cells within the spinal dorsal horn. Five sections were randomly selected from each animal for cell counting. Five-HT2C or 1A immunoreactive cells were counted individually under a Nikon microscope using a 209 objective lens on the superficial spinal laminae of each selected section. They were averaged separately for each rat and then for the group. Control sections were similarly processed, except that the primary antisera were omitted, which yielded no staining.
Statistical Analyses
Data from the behavioral tests were presented as mean ± SE and analyzed using repeated measures analysis of variance (ANOVA) followed by Bonferroni multiple comparisons (Graphpad Prism). Immunostaining data were analyzed with one-way ANOVA followed by Scheffé's multiple comparison. P \ 0.05 was set as the level of statistical significance.
Results
Effect of 5-HT Depletion on EA-Produced Inhibition of Hyperalgesia
Before 5-HT depletion, PWL to noxious heat stimuli were similar in left (9.51 ± 0.23 s) and right (9.39 ± 0.20 s) hind paws (n = 16). After the depletion, they were also similar (9.63 ± 0.50 s and 9.79 ± 0.45 s respectively, Fig. 2 ). There were no significant (F (3, 63) = 0.29, P = 0.83) PWL differences before and after 5-HT depletion. PWLs were also similar in the left and right hind paws of saline-injected (i.t.) rats before and after saline injection (data not shown).
As shown in Fig. 3 , before the CFA injection, left hind paw PWL in rats given i.t. saline and those given 5,7-DHT were similar. Following an injection of 0.08 ml CFA in i.t. saline-injected rats, withdrawal latency of the injected paws of sham EA-treated rats was significantly (P \ 0.05) shorter 2.5 h post-CFA (5.13 ± 0.39 s) than at baseline Fig. 2 PWLs before and 9 days after 5,7-DHT (n = 16) treatment. There were no significant changes between left and right, or before and after 5,7-DHT Fig. 3 Effect of 5,7-DHT treatment on EA-produced anti-hyperalgesia in rats with CFA-induced inflammation (n = 8 per group). CFA induced a significant (P \ 0.05) decrease of ipsilateral PWL in both saline-and 5,7-DHT-treated rats 2.5 h post-CFA compared to baseline. EA significantly increased PWL in saline-but not 5,7-DHT-treated rats compared to sham EA. # P \ 0.05 versus saline ? sham EA; *P \ 0.05 versus 5,7-DHT ? EA (10.11 ± 0.32 s). Contralateral PWLs were unchanged from baseline (data not shown). The EA treatment, 10 Hz at bilateral GB 30, significantly (P \ 0.05) increased PWL of the ipsilateral hind paws compared to sham EA 2.5 h post-CFA (7.0 ± 0.26 vs 5.13 ± 0.39 s). This indicates that EA significantly inhibited CFA-induced hyperalgesia in saline-injected rats. EA did not increase withdrawal latency of the contralateral hind paws. Following CFA injection in 5,7-DHT-treated rats, PWL of the injected paws of sham EA also was significantly (P \ 0.05) shorter at 2.5 h (5.05 ± 0.46 s) than at baseline. However, EA treatment did not significantly increase PWL of the injected paws (4.44 ± 0.27 s) compared to sham EA (5.05 ± 0.46 s) in 5,7-DHT treated rats (Fig. 3) , showing that EA did not inhibit CFA-induced hyperalgesia in rats with depleted spinal 5-HT.
Effect of a 5-HT2C Receptor Antagonist on EA-Produced Inhibition of Hyperalgesia Figure 4 shows that EA plus vehicle (i.t.) significantly increased PWL compared to sham EA plus vehicle 2.5 h post-CFA, indicating that EA inhibits hyperalgesia. EA plus the 5-HT2C receptor antagonist SB-242,084, compared to EA plus vehicle, similarly increased PWL at 2.5 h, indicating that the receptor antagonist did not blocked EA-produced anti-hyperalgesia. Sham EA plus SB-242,084 did not significantly change PWL compared to sham EA plus vehicle, indicating that the antagonist per se had little effect on PWL (Fig. 4) .
Effect of a 5-HT1A Receptor Antagonist on EA-Produced Inhibition of Hyperalgesia EA plus the 5-HT 1A receptor antagonist NAN-190 hydrobromide did not significantly increase PWL 2.5 h after CFA compared to EA plus vehicle, although EA plus vehicle significantly increased PWL compared to sham plus vehicle. The data indicate that the antagonist blocked EA-produced anti-hyperalgesia. Sham EA plus NAN-190 hydrobromide did not significantly change PWL compared to sham EA plus vehicle, indicating that this antagonist per se had little effect on PWL (Fig. 5) .
Expression of 5-HT1A/2C Receptors in the Spinal Cord During Pain
The number of 5-HT1A receptor-immunoreactive neurons in superficial spinal cord laminae was comparable (P [ 0.05) in naïve (16 ± 3/section) and CFA-injected animals (b, 15 ± 3) (Fig. 6) ; 5-HT2C receptor-immunoreactive neurons were absent in naive and CFA-injected animals (Fig. 7) . 
Discussion
In the present study, spinal serotonin depletion completely blocked EA anti-hyperalgesia in the inflammatory pain model, indicating that spinal serotonin is involved in EA anti-hyperalgesia. We previously reported that EA activated serotonin-containing neurons in the nucleus raphe magnus (NRM) that project to the spinal cord [9, 28] . These data suggested that EA may activate supraspinal serotonin-containing neurons and increase serotonin activities in the spinal cord to inhibit pain.
An electrophysiological study demonstrated that NRM stimulation inhibited spinal neuronal activities, 50% of which were suppressed by (±)-8-hydroxy-2-(di-n-propylamino) tetralin hydrobromide (8-OH-DPAT), a 5-HT1A receptor agonist [29] . Interestingly, our present study demonstrates that an i.t. 5-HT1A receptor antagonist blocks EA anti-hyperalgesia. This is consistent with a previous study showing that i.t. injection of a 5-HT1A receptor antagonist significantly blocked the palliative effects of EA on cold allodynia in a neuropathic pain model [15] and on tail flick latency in a rat model of collageninduced arthritis [13] . Consistent with those behavioral results, 5-HT induced an outward current in the spinal cord dorsal horn, which was mimicked by 8-OH-DPAT but suppressed by the 5-HT1A receptor antagonist WAY-100635 [30] . Similarly, 5-HT induced hyperpolarizing effects in the trigeminal subnucleus caudalis, which was mimicked by 8-OH-DPAT and blocked by WAY-100635. As noted, the hyperpolarization was maintained in the presence of TTX (an Na(?) channel blocker), indicating direct postsynaptic action of 5-HT on trigeminal subnucleus caudalis neurons [31] . In support of these data, our immunostaining study demonstrated that 5-HT1A receptors were consistently expressed in neurons in the spinal cord superficial laminae at baseline and 2.5 h post CFA. The 5-HT1A receptor represents approximately 30-50% of all 5-HT1 receptor binding sites in the spinal cord [17, 18] . Collectively, these studies show that EA activates serotonin-containing neurons in the NRM to release 5-HT in the spinal cord that act on spinal 5-HT1A receptors to inhibit pain.
It should be noted that the 5-HT1A receptor antagonist blocked EA anti-hyperalgesia, while the 5-HT2C receptor Fig. 6 Immunostaining data shows that 5-HT1A receptor expression was similar in naïve animals (a, 16 ± 3) and 2.5 h post-CFA injection (b, 15 ± 3). The inset in a is higher magnification of arrow-pointed neurons. Scale is 100 lm Fig. 7 Immunostaining data shows that 5-HT2C receptors were absent in naïve animals (a) and 2.5 h (b) post-CFA injection. Scale is 100 lm antagonist did not. These results are supported by our immunostaining study, which shows that 5-HT2C receptors were absent both at baseline and 2.5 h post CFA. Radioimmunoassay showed lower levels of 5-HT2C receptors in the naïve rat spinal cord [32] . The insignificant 5-HT2C receptor expression accounts for the lack of 5-HT2C receptor involvement in EA inhibition of hyperalgesia.
It is well known that spinal opioids are involved in EA analgesia in naive animal models [33] . Recent studies have shown that EA produces anti-hyperalgesia through spinal opioid receptors in inflammatory [34] and neuropathic pain [35] models. Our unpublished data showed that i.t. serotonin significantly inhibits inflammation-induced hyperalgesia, which is blocked by mu receptor antagonist pretreatment. Consistent with these results, naloxone inhibited i.t. 5-HT anti-nociception [36, 37] . Collectively, these data suggest that spinal 5-HT and opioids may be serially involved in EA action.
In summary, the present study demonstrates that EA induces the spinal release of 5-HT, which acts on spinal 5-HT1A receptors to inhibit hyperalgesia. EA-induced serotonin may enhance the endogenous endomorphin-mu receptor system to inhibit pain. The findings suggest that acupuncture may have important clinical applications to the treatment of pain, and especially to chronic inflammatory pain conditions such as arthritis.
